How instructive cues present on the cell surface have their precise effects on the actin cytoskeleton is poorly understood. Semaphorins are one of the largest families of these instructive cues and are widely studied for their effects on cell movement, navigation, angiogenesis, immunology and cancer 1 . Semaphorins/collapsins were characterized in part on the basis of their ability to drastically alter actin cytoskeletal dynamics in neuronal processes 2 , but despite considerable progress in the identification of semaphorin receptors and their signalling pathways 3 , the molecules linking them to the precise control of cytoskeletal elements remain unknown. Recently, highly unusual proteins of the Mical family of enzymes have been found to associate with the cytoplasmic portion of plexins, which are large cell-surface semaphorin receptors, and to mediate axon guidance, synaptogenesis, dendritic pruning and other cell morphological changes [4] [5] [6] [7] . Mical enzymes perform reduction-oxidation (redox) enzymatic reactions 4, 5, [8] [9] [10] and also contain domains found in proteins that regulate cell morphology 4, 11 . However, nothing is known of the role of Mical or its redox activity in mediating morphological changes. Here we report that Mical directly links semaphorins and their plexin receptors to the precise control of actin filament (F-actin) dynamics. We found that Mical is both necessary and sufficient for semaphorin-plexinmediated F-actin reorganization in vivo. Likewise, we purified Mical protein and found that it directly binds F-actin and disassembles both individual and bundled actin filaments. We also found that Mical utilizes its redox activity to alter F-actin dynamics in vivo and in vitro, indicating a previously unknown role for specific redox signalling events in actin cytoskeletal regulation. Mical therefore is a novel F-actin-disassembly factor that provides a molecular conduit through which actin reorganization-a hallmark of cell morphological changes including axon navigation-can be precisely achieved spatiotemporally in response to semaphorins.
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Multidomain cytosolic proteins of the Mical family (Fig. 1a ) mediate semaphorin-plexin repulsive axon guidance and cell morphological changes 4, 5 , but their role in controlling these events is unknown. While characterizing new hypomorphic Mical alleles, we found that surviving homozygous (Mical 2/2 ) mutant adult flies had abnormally shaped bristle cell processes that were variously straight, thick, bent, twisted and/or had abnormal 'club-like' or blunt tips (Fig. 1b, c and Supplementary Figs 1-3 ). These morphological defects were rescued by expressing Mical specifically in Mical 2/2 mutant bristles (Fig. 1c) , which showed that Mical is required for normal bristle process morphology. Bristle process elongation, like neuronal process extension, is actin dependent such that bristles are formed during pupal development when a bristle cell extends an unbranched, slightly curved, actin-rich cellular process ( Supplementary Fig. 2 ). As development continues, a chitin-cuticle external skeleton forms around the membrane of the elongated bristle, preserving a record in the adult fly of the actin organization in the developing bristle ( Fig. 1b and Supplementary  Fig. 2; ref. 12) . Consequently, the bristle process provides a simple, high-resolution model for characterizing the molecules and mechanisms that regulate actin filament dynamics 12, 13 . We therefore considered whether the increased expression of Mical was sufficient to induce changes to bristle process morphology. Notably, Mical overexpression specifically in wild-type bristles generated branched bristles (Fig. 1d , e, i and Supplementary Figs 4, 5 and 7). To our knowledge, these bristle branching defects are more severe than any previously reported, and we did not find any defects in bristle cell numbers or positioning, indicating that Mical has specific effects on cell morphology.
Mical proteins are unusual in that they each contain a redox enzymatic domain, and we wondered whether their redox activity was necessary for their specific effects on bristle shape. Point mutations that selectively disrupted the redox domain as well as bristlespecific expression of a Mical
Dredox protein revealed that redox activity of Mical was required for both normal bristle morphology and Micaldependent bristle branching (Fig. 1f, i and Supplementary Figs 6 and 7) . In contrast, bristle-specific expression of the Mical redox domain alone (Mical redox ) was not sufficient for bristle branching ( Supplementary  Fig. 7) , showing that Mical also requires at least some of its other domains to mediate its full effect. Immediately carboxy-terminal to its redox domain, Mical contains a protein motif that is found in a number of cytoskeleton-associated proteins, namely a calponin homology domain (Fig. 1a) . Notably, bristle-specific expression of both the Mical redox and calponin homology domains alone (Mical redoxCH ) further increased bristle branching (Fig. 1h, i and Supplementary  Fig. 7 ), indicating that Mical redoxCH is constitutively active. These results, in combination with observations that bristle-specific expression of a Mical DCH protein acted dominant negatively (Fig. 1g, i and Supplementary Fig. 7 ), demonstrate that the redox and calponin homology domains of Mical are both necessary and sufficient to orchestrate specific cell morphological changes.
To better study the mechanisms underlying Mical-mediated morphological changes, we directly examined developing bristles. During bristle process elongation, Mical localized to growing bristle tips in close proximity to the bristle cell membrane and at sites of bristle branching and actin localization (Figs 2b and 3A, B) . Removing either the calponin homology domain or the C terminus of Mical altered this selective localization ( Supplementary Fig. 7 ), indicating that Mical might be locally regulating the actin cytoskeletal network that specifies bristle morphology. In motile cells and neuronal growth cones, the majority of F-actin forms two array types: the parallel arrays of bundled F-actin found in filopodia and the meshwork F-actin arrays found in lamellipodia. Like filopodia, Drosophila bristle processes contain pillar-like bundles of F-actin comprising many individual actin filaments ( Fig. 2a and Supplementary Fig. 2 ; ref. 12) . A record of this F-actin organization was observed in the highly ordered, parallel arrangement of grooves in adult wild-type bristles but not in Mical 2/2 mutants, whose adult bristles indicated disorganized, intersecting and larger-than-normal F-actin bundles ( Supplementary Fig. 3 ). Direct visualization of actin in developing bristles also showed that the F-actin bundles in Mical 2/2 mutants were significantly larger than wild-type F-actin bundles, were abnormally positioned and were intersecting (Fig. 2c, d and Supplementary Figs 2  and 3 ). These Mical 2/2 mutant bristles resembled those generated by overexpressing F-actin-stabilizing proteins such as actin-bundling/ crosslinking proteins 12 , further indicating that Mical limits the size, abundance and bundling of F-actin.
To further characterize Mical-mediated actin cytoskeletal regulation, we studied the transgenic flies expressing the different forms of Mical described above. In contrast to Mical 2/2 mutants, increasing the expression of full-length Mical or Mical redoxCH , but not Mical Dredox or Mical DCH , in bristles generated bundles of F-actin that were significantly thinner than normal (Fig. 2c, d and Supplementary  Fig. 4 ). Increasing Mical activity in bristles also induced a pronounced rearrangement of F-actin: a change from the normal, parallel, organization of bundled F-actin into a complex meshwork of short actin filaments ( Fig. 2c and Supplementary Fig. 4 ). These Mical-mediated bristle alterations are similar to those seen when F-actin is destabilized in bristles using either cytochalasin treatment [14] [15] [16] [17] or loss-of-function mutations in actin-bundling/crosslinking proteins 12 . Therefore, Mical is a critical regulator of F-actin instability that is sufficient to reorganize parallel F-actin networks into complex meshwork arrays.
Previous results have indicated that the generation of short bundles of F-actin is required for the characteristic, slightly curved morphology of Drosophila bristles 12 . Neuronal dendrites that extend alongside elongating bristles determine this actin arrangement and curved bristle shape ( Supplementary Fig. 2 ), but little is known of the extracellular signals present on dendrites that direct these bristle alterations. Because Mical associates with the cytoplasmic portion of the semaphorin receptor plexA 4 , we wondered whether Mical-mediated Fig. 3A and Supplementary Fig. 13 ). Indeed, both loss-of-function and dominant-negative Mical mutants significantly suppressed or eliminated plexA-dependent bristle branching ( Fig. 3A and Supplementary  Fig. 7 ). These results indicate that Mical is both activated and required for semaphorin-induced F-actin destabilization.
Our genetic results, therefore, coupled with our observations that Mical and F-actin co-localize in vivo, indicate that Mical associates with F-actin or an F-actin regulatory protein and thereby targets the actin cytoskeleton for semaphorin-dependent reorganization. To further address this, we performed in vitro assays and found that different forms of purified Mical protein (Mical redox and Mical redoxCH ), but not negative controls (bovine serum albumin and the Nus solubility tag), directly associated with in vitro-generated actin filaments ( Fig. 3B and Supplementary Fig. 14) . In contrast, neither of the purified Mical proteins associated with in vitro-generated microtubules ( Fig. 3B and Supplementary Fig. 16 ), showing that Mical selectively associates with F-actin. Likewise, the Mical-related redox enzyme p-hydroxybenzoate hydroxylase did not associate with F-actin ( Fig. 3B and Supplementary  Fig. 14) , indicating that the redox domain of Mical is a specific F-actinbinding module. In light of previous findings that Mical interacts with the cytoplasmic portion of the plexA receptor 4, 5 , our results identify Mical as a direct physical link between the semaphorin-receptor plexin, which is present on the cell surface, and the F-actin cytoskeleton.
We next investigated whether Mical directly alters actin dynamics. Mical uses the pyridine nucleotide NADPH as a required coenzyme for its redox activity 5, 9 , and our in vivo results show that it also requires its redox domain to alter the actin cytoskeleton. ) co-localizes (yellow) with plexA at sites of bristle branch formation (arrowhead and inset at a 32 magnified view) and is activated and required for semaphorin-plexin-dependent branching. PIR, plexin-interacting region; cyto, cytoplasmic portion. n $ 28 bristles per genotype; t-test; **P , 0.001, ***P , 0.0001; data shown, mean 6 s.e.m. B, Mical co-localizes (yellow) with F-actin during early and late (inset) stages of bristle elongation (a). Purified Mical robustly and selectively associates with F-actin as revealed by dotblot (b) and actin and microtubule co-sedimentation/pelleting (c, d) assays. Arrowheads, Mical redoxCH ; dots, Nus; MT, microtubules; BSA, bovine serum albumin; PHBH, p-hydroxybenzoate hydroxylase; MAPs, microtubuleassociated proteins; Sol, G-actin (soluble); Pel, F-actin (pellet). n $ 2 per condition; data shown, mean 6 s.e.m. C, Pyrene-actin assays, where the fluorescence of polymerized pyrene-actin is higher than monomeric pyreneactin, reveal that purified Mical redoxCH 1 NADPH directly alters actin polymerization (a) and induces depolymerization (b), as do high-speed sedimentation/Coomassie staining assays (c; arrow). a.u., arbitrary units. polymerization (Fig. 3C, a and Supplementary Fig. 14) . These robust effects of Mical on actin dynamics were dependent on NADPH concentration, were substantially reduced in the presence of the related pyridine nucleotide coenzyme NADH and were eliminated in the presence of NADP 1 ( Supplementary Figs 14 and 15) . Likewise, these actin alterations were observed using very low, substoichiometric, amounts of Mical ( Supplementary Fig. 14) , further indicating that Mical regulates actin dynamics through its enzymatic activity. In contrast, a Mical-related redox enzyme (p-hydroxybenzoate hydroxylase) and general redox reaction products (H 2 O 2 and/or NADP 1 ) had little to no effect on actin dynamics (Fig. 3C, b and Supplementary Figs 14 and 15) , further indicating the specificity of Micalmediated F-actin alterations in vivo and in vitro. Moreover, activated Mical does not affect tubulin polymerization ( Supplementary  Fig. 16 ), showing that Mical is a specific and selective regulator of F-actin dynamics.
Semaphorins were identified in part on the basis of their ability to rapidly disassemble F-actin and 'collapse' elongating neuronal growth cones 2, 18 , but the molecules directly mediating this effect remain unknown. Using actin depolymerization assays and electron microscopic analysis of purified proteins, we found that activated Mical directly induced actin depolymerization and significantly decreased actin filament length (Figs 3C, b, c and 4A and Supplementary Fig. 14) . These results are consistent with our in vivo observations and show that the critical semaphorin-signalling molecule Mical is a direct effector of F-actin disassembly. In contrast, we found no evidence that activated Mical directly induced actin branching or altered the bundling ability of actin-bundling/crosslinking proteins (Figs 3C and 4A and Supplementary Figs 17 and 18) , suggesting that Mical-dependent effects on branching and bundling in vivo are likely to be secondary to the ability of Mical to destabilize F-actin directly. To test this, we set up an in vitro assay using purified proteins that resembled the bundled organization of F-actin within our in vivo bristle model. We found that activated Mical also directly disassembled bundled actin filaments, decreasing both their length and their width ( Fig. 4B and Supplementary Fig. 18 ). Therefore, Mical is an F-actin-disassembly factor that directly destabilizes both individual and bundled actin filaments.
Finally, we wondered whether the expression of Mical was also sufficient to reorganize the actin cytoskeleton of navigating axons. Semaphorins mediate axon repulsion in part by locally disassembling the actin cytoskeleton within neuronal growth cones. We found that Mical likewise strongly localized to growth cones in vivo and had a critical role in the repulsion of Sema-1a-plexA-responsive axons ( Supplementary Figs 19 and 20; refs 4, 5) . Furthermore, using GFPactin to directly visualize actin cytoskeletal organization and growth cone complexity in vivo 19 , we found that individual growth cones became significantly more complex, with increased numbers of filopodia, when constitutively active (but not dominant-negative) forms of Mical were expressed within them (Fig. 4C ). These observations indicate that the redistribution of actin we see in neuronal growth cones, like that which we observe in developing bristle processes and with purified Mical, is likely to result from direct Mical-mediated disassembly of actin filaments and F-actin bundles.
We have identified a previously unknown, redox-dependent actindisassembly pathway that provides critical insights into the means by which semaphorins alter actin cytoskeletal dynamics and serve as navigational signals. Semaphorins have long been known to have localized destabilizing effects on F-actin 2, 18, 20 that include a loss of F-actin 18 , a decreased ability to polymerize new F-actin 18 , a decrease in the number of F-actin bundles 21 and the extension of new branches [22] [23] [24] [25] [26] . Our results are consistent with these observations and indicate that Mical is sufficient to trigger each of these semaphorinplexin-dependent events. Specifically, we find that semaphorinplexin-Mical signalling directly destabilizes F-actin, which triggers a secondary response that produces branched meshwork actin and actin-rich extensions (Supplementary Fig. 21 ).
Our observations also provide a more complete understanding of the roles of repulsive guidance cues in vivo. In particular, we propose that repellents such as semaphorins disassemble or 'prune back' the actin network in vivo, and that this pruning process initiates a cascade of secondary events that enhances cellular complexity/plasticity. These semaphorin-plexin-Mical-induced actin rearrangements, therefore, in combination with what are likely to be semaphorin-plexin-dependent, but Mical-independent, effects on microtubules and substrate adhesion 1, 3 , would enable navigating cells/axons to identify new, more permissive substrates and could underlie the directional changes associated with semaphorin repulsive guidance. Indeed, neuronal growth cones develop complex morphologies with multiple extending filopodia when they encounter directional choice points in vivo [27] [28] [29] [30] , and these new filopodia probe the environment and ultimately lead the growth cone to a more permissive substrate. Future work will seek to better understand these Mical-mediated events. These research directions are likely to be of significant biomedical importance given the roles of the A, Negative-staining electron microscopy shows that Mical redoxCH 1 NADPH significantly decreases F-actin length. n . 120 per treatment; t-test; P , 0.0001. B, Actin (green) filaments bundled with fascin (yellow) are disassembled by Mical redoxCH 1 NADPH, as seen using pyrenelabelledactin (a), low-speedsedimentation/Coomassiestaining (b; arrowhead) and electron microscopy (c). Electron microscopy shows that, similar to untreated controls, F-actin bundles treated with Mical redoxCH (black triangles in graph) are well organized, long and thick with 'horizontally' arranged individual actin filaments (arrowheads) and repeating 'vertical stripes' of fascin (dots). F-actin bundles treated with Mical redoxCH 1 NADPH (green squares in graph) are significantly shorter and thinner (n . 21 per treatment; t-test; P , 0.0001) and disassemble into single actin filaments (arrowheads). C, Measuring the area occupied by GFP-actin (red) shows that Mical significantly alters growth cone size. Cb, neuronal cell body. n . 40 growth cones per genotype; t-test; ***P , 0.0001; data shown, mean 6 s.e.m. more than twenty semaphorins in directing actin-dependent processes in neural connectivity, angiogenesis, immunity and cancer.
METHODS SUMMARY
We performed complementation analysis, genetics, molecular biology, western blotting, immunostaining and generation of transgenic animals using standard techniques 4 . Multiple new lines of the full-length 'short' isoform of Mical, the Mical Dredox mutation (Mical GRW ; ref. 4 ) and the other transgenic animals were generated and used for all experiments. Adult bristles were examined and quantified by crossing adults at 25 uC: adult offspring from these crosses were first sorted according to genotype and then examined under a dissecting microscope. We genotyped pupae using a Zeiss Discovery M 2 Bio fluorescence stereomicroscope, and all preparation, staging and dissection of pupae were done using standard approaches. We imaged, drew and quantified the adult bristles with the aid of the Discovery M 2 Bio stereomicroscope, a motorized focus and zoom, a Zeiss AxioCam HR camera and three-dimensional-reconstruction software (Zeiss AxioVision, version 4.6.3, and Extended Focus software). All other bright-field, dark-field, differential interference contrast and fluorescence visualization, and imaging of bristles, embryos and growth cones, was done using a Zeiss Axio Imager upright microscope with motorized focus and zoom and an ApoTome module, and images were captured and quantified using the AxioCam HR camera and AxioVision software. All electron microscopy of pupae and negative staining of purified proteins was done using a FEI Tecnai G 2 Spirit BioTWIN transmission electron microscope. We purified recombinant Mical proteins 10 and recombinant p-hydroxybenzoate hydroxylase using our previously developed approaches. Drosophila fascin (also known as singed) complementary DNA was inserted in a bacterial expression vector, and recombinant Drosophila fascin protein was purified. All F-actin and Mical co-sedimentation assays and G-actin/F-actin ratio experiments were performed using standard approaches, as were all pyrene-labelled actin polymerization and depolymerization assays, actin bundling assays, tubulin polymerization assays and microtubule co-sedimentation assays.
